We present the complete set of Renormalisation Group Equations (RGEs) at one loop for the non-exotic minimal U (1) extension of the Standard Model (SM). It includes all models that are anomaly-free with the SM fermion content augmented by one Right-Handed (RH) neutrino per generation. We then pursue the numerical study of the pure B − L model, deriving the triviality and vacuum stability bounds on an enlarged scalar sector comprising one additional Higgs singlet field with respect to the SM.
I. INTRODUCTION
heavy neutrinos, in particular into three [8] and four [16] leptons in the final state, with distinctive displaced vertices due to long lived neutrinos, a clear signature of physics beyond the SM. Also, the testability at the LHC of the see-saw mechanism in this model has been evaluated in detail [17] .
In comparison to the gauge and neutrino sectors, the Higgs part of this model has undergone much less scrutiny. Apart from the benchmark study of [9] dating back a few years, only recently a systematic analysis of the Higgs sector of the B − L model has started, in the attempt to define the boundaries of the associated parameter space. Ref. [18] dealt with the limits stemming from the imposition of perturbative unitarity on the model. Here, we intend to pursue further into this attempt, by investigating the triviality and vacuum stability conditions ensuing in the B − L model, through a RGE analysis aiming at defining the physical values of the masses and couplings of the two Higgs states emerging in the model after EWSB, the latter depending upon the maximum energy scale after which also such a scenario ceases to be valid and further new physics dynamics ought to be invoked. We believe that, with the LHC now on line, it is of paramount importance to theoretically constrain the Higgs sector of a new physics scenario that, while incorporating the SM, it remedies its major flaw without leading to a proliferation of new particles and/or interactions, thereby retaining much of the predictivity and testability of the SM.
In the past and yet recent years, a lot of effort has been spent for similar studies. For reviews on the SM and on some of its extensions, see Refs. [19, 20] and references therein.
Concerning the study presented here, earlier works focusing on extra singlet scalars or E 6 -inspired U(1) augmented gauge groups in non-suspersimmetric [21, 22] and suspersimmetric [23, 24] extensions of the SM, respectively, have already been considered.
The plan of the paper is as follows. In section II we describe the model under study. In section III we describe our computational techniques. The following section IV presents our numerical results while we conclude in section V. We also have an appendix, where we list the RGEs of the model that we have dealt with.
II. THE PARAMETERISATION
The model under study is the minimal U(1) B−L extension of the SM (see ref. [4] for conventions and references), in which the SM gauge group is augmented by a U(1) factor, related to the Baryon minus Lepton (B − L) gauged number. In the complete model, the classical gauge invariant Lagrangian, obeying the SU(3) C × SU(2) L × U(1) Y × U(1) B−L gauge symmetry, can be decomposed as:
The scalar Lagrangian is:
with the scalar potential given by
We generalise the SM discussion of spontaneous EWSB to the more complicated classical potential of eq. (3). To determine the condition for V (H, χ) to be bounded from below, it is sufficient to study its behaviour for large field values, controlled by the matrix in the first line of eq. (3). Requiring such a matrix to be positive-definite, we obtain the conditions:
If the above conditions are satisfied, we can proceed to the minimisation of V as a function of constant Vacuum Expectation Values (VEVs) for the two Higgs fields. Making use of gauge invariance, it is not restrictive to assume:
with v and x real and non-negative. The physically most interesting solutions to the minimisation of eq. (3) are obtained for v and x both non-vanishing:
Moving to the L Y M , the non-Abelian field strengths therein are the same as in the SM whereas the Abelian ones can be written as follows:
where
1 In all generality, the whole interval 0 ≤ α < 2π is halved because an orthogonal transformation is invariant under α → α + π. We could re-halve the interval by noting that it is invariant also under α → −α if we permit the eigenvalues inversion, but this is forbidden by our convention m In this field basis, the covariant derivative is:
To determine the gauge boson spectrum, we have to expand the scalar kinetic terms as for the SM. We expect that there exists a massless gauge boson, the photon, whilst the other gauge bosons become massive. The extension we are studying is in the Abelian sector of the SM gauge group, so that the charged gauge bosons W ± will have masses given by their SM expressions, being related to the SU(2) L factor only. Using the unitary-gauge parameterisation, the kinetic terms in eq. (2) become:
and
where we have taken Y 
with
where sin 2ϑ
.
LEP experiments [25] constrain |ϑ ′ | 10 −3 . Present constraints on the VEV x (see section IV B) allow a generous range of g.
The fermionic Lagrangian (where k is the generation index) is given by Finally, the Yukawa interactions are:
where H = iσ 2 H * and i, j, k take the values 1 to 3, where the last term is the Majorana contribution and the others the usual Dirac ones.
Neutrino mass eigenstates, obtained after applying the see-saw mechanism, will be called ν l (with l standing for light) and ν h (with h standing for heavy), where the first ones are the SM-like ones.
A. Realistic models
The generic model that has been previously introduced spans over a continuous set of 
This form of the covariant derivative can be re-written defining an effective coupling Y E and an effective charge g E :
As any other parameter in the Lagrangian, g and g ′ 1 are running parameters [6, 7] , therefore their values ought to be defined at some scale. A discrete set of popular Z ′ models (see, e.g., Refs. [26, 27] ) can be recovered by a suitable definition of both g and g ′ 1 . We will focus our numerical analysis on the scalar sector of the "pure" B − L model, that is defined by the condition g(Q EW ) = 0, i.e., we nullify it at the EW scale. This implies no mixing at the tree-level between the B − L Z ′ and SM Z gauge bosons. Other benchmark models of our general parameterisation are for example the Sequential SM (SSM), defined
by Y E = Y (that in our notation corresponds to the condition g ′ 1 = 0 at the EW scale) and the U(1) R model, for which RH fermion charges vanish (that is recovered here by the
It is important to note that none of the models described so far is orthogonal to the U(1) Y of the SM, therefore the RGE running of the fundamental parameters, g and g Nonetheless, as indeed true for the SM, the gauge sector affects marginally the scalar sector in its running, so the analysis we are going to show is effectively independent of the specific charge assignation. However, we might expect differences regarding the interplay between the gauge sector and the neutrino evolution, that impinge on the vacuum stability studies of the scalar sector as the top quark does for the SM Higgs sector. We will report separately on the study of the differences in the RGE study of the specific benchmark models in our generic parameterisation.
III. COMPUTATIONAL DETAILS
The complete set of RGEs for the generic model are derived for the parameters in the Lagrangian and are collected in appendix A. For their numerical study, we put boundary conditions at the EW scale on the physical observables:
we trade for m, µ, λ 1 , λ 2 , λ 3 , x, y M 1,2,3 using, for the relevant parameters therein, eq. (14) . Where stated in the text, we impose boundary conditions on some parameters of the Lagrangian rather than on the physical observables. This is done for consistency of those studies.
For the pure B − L model, object of the numerical analysis in this work, the definition g = 0 holds, and as a consequence, we also have that the B − L breaking VEV x can be easily related to the new Z ′ boson mass by
, where we fixed g ′ 1 = 0.1. Regarding the neutrinos, for simplicity we consider them degenerate and we fix their masses to m 1,2,3 ν h ≡ m ν h = 200 GeV (whenever not specified otherwise), a value that can lead to some interesting phenomenology [8] . The free parameters in our study are then m h 1 , m h 2 , α and x. The general philosophy is to fix in turn some of the free parameters and scan over the other ones, individuating the allowed regions fulfilling the following set of conditions.
We first define a parameter to be "perturbative" for values less than unity. This is a conservative definition, as we could relax it by an order of magnitude and still get values of the parameters for which the perturbative series will converge 2 . RGE evolution can then constrain the parameter space of the scalar sector in two complementary ways. From one side, the couplings must be perturbative. This condition reads:
and it is usually referred to as the "triviality" condition. On the other side, the vacuum of the theory must be well-defined at any scale, that is, to guarantee the validity of eqs. (4) 2 Notice that, in analogy with QED, the parameters upon which the perturbative expansion is performed are usually of the form √ α = g/ √ 4π, rather then being g itself.
and (5) at any scale Q ′ ≤ Q:
Eq. (28) is usually referred to as the "vacuum stability" condition. In contrast to the SM, in which it is sufficient the Higgs self-coupling λ be positive, in the case of this model the vacuum stability condition (and especially the second part of eq. (28)) can be violated even for positive λ 1,2,3 .
One should notice that our conventional choice m h 1 < m h 2 , as noted previously, let us consider α and −α as two independent solutions, although the theory is manifestly invariant under the symmetry α → −α. These two solutions are complementary, meaning that the region excluded by the choice m h 1 < m h 2 at a certain value of the angle α is precisely the allowed one for the complementary angle π/2 − α. The special case α = π/4 is symmetric, and corresponds to maximal mixing between the scalars. α = 0 corresponds to a SM scalar sector totally decoupled from the extended one, and h 1 is the usual SM Higgs boson. α = π/2 is the specular case, in which h 2 plays the role of the SM Higgs boson.
Notice also that, again in contrast to the SM in which the gauge couplings have a marginal effect, in our case the RH neutrinos play for the extra scalar singlet the role of the top quark for the SM Higgs in the vacuum stability condition 3 . Their RGE are then controlled by the Yukawa coupling with a negative contribution coming from g ′ 1 (see eq. (A9)). Therefore, in some regions of the parameter space, the impact of the gauge sector is not marginal and can effectively stabilise the otherwise divergent evolution of the Majorana Yukawa couplings for the RH neutrinos. We will report on the effect of RH neutrinos in our analysis in section IV D.
A final remark is in order about eq. (A33), the evolution of λ 3 , the mixing parameter of the scalar potential (see eq. (3)). This RGE is almost proportional to λ 3 itself, so a vanishing boundary condition is almost stable 4 . Non-proportional terms arise from the new gauge couplings ( g and g ′ 1 ), i.e., deviations from the vanishing boundary conditions are of the order of the gauge coupling, hence quite small. They are particularly negligible in the pure B − L model, as also g has a vanishing boundary condition, with a weak departure from it due to the mixing in the gauge coupling sector [4] . Nonetheless, other benchmark models in our general parameterisation could show different behaviours.
IV. RESULTS
We present here our results for the pure B−L model, the chosen benchmark of our general parameterisation. We will first present a brief analysis of the gauge sector, followed by a quick review of the present experimental constraints on the Higgs boson masses. Finally, we will fully describe the scalar sector analysis, argument of this paper 5 .
A. Gauge sector
Before starting the analysis of the scalar sector, we can briefly look at the gauge sector, where the RGE evolution gives us indications for the validity of the model concerning the gauge couplings. In particular, their evolution must stay perturbative up to some particular scale. In the B − L model, the conditions that the free parameters in the gauge sector must fulfil are:
where the second condition in eq. (29) defines the pure B − L model.
Varying the scale Q, the maximum scale up to which we want the model to be well-defined, we get an upper bound on g 
B. Experimental limit
Past and current experiments have set limits on the scalar sector parameters in the SM as well as in various extensions of it, see for example Ref. [28] for LEP and Ref. [29] for
Tevatron. For the model discussed here, the relevant analysis is summarised in figure 2, in which a generic overall factor ξ has been introduced. Such parameter is defined as the coupling(s) to the Z boson of the Higgs particle(s) in the considered extension normalised to the SM:
hence it parametrises the deviations of the new model with respect to the SM. [28] . In the B − L model, ξ = cos α(sin α) for H = h 1 (h 2 ).
by considering:
i.e., the limit for h 1 (h 2 ) are extracted by considering ξ as the cosine(sine) of the mixing angle in the scalar sector (see eq. (11) and the following ones). can exist only if it is highly mixed, i.e., the light Higgs is mostly the singlet state. For the same value of the angle, the limit for m h 2 is more stringent than the condition m h 2 > m h 1 , in fact for α = π/3, m h 2 114 GeV must be fulfilled.
The LEP experiments are also able to provide a lover bound for the B − L breaking VEV
x. In fact, the LEP bound on the B − L Z ′ mass [30] ,
can be rewritten as a lower bound for the VEV:
C. Scalar sector
Given the simplicity of the scalar sector in the SM, the triviality and vacuum stability conditions can be studied independently and they both constrain the Higgs boson masses, providing an upper bound and a lower bound, respectively. In more complicated models as the one considered here, it might be more convenient to study the overall effect of eqs. (27)- (28), since there are regions of the parameter space in which the constraints are evaded simultaneously. This is the strategy we decided to follow. Per each value of the angle, we can then fix the lighter Higgs mass m h 1 to some benchmark values (allowed by LEP for the SM Higgs) and plot the allowed mass for the heavier Higgs as a function of the scale Q. This is done in figure 4 , where the allowed masses are those contained between the same colour lines. Notice that here the VEV x is fixed to a different value, x = 3.5 TeV. The effects of changing the VEV x will be described in section IV E.
As previously noticed, the allowed range in m h 2 gets smaller as we increase the angle.
Apart from the case α = 0 where there is no dependency at all from m h 1 , there is a strong effect from m h 1 on the bounds on m h 2 . Not all the allowed regions at a fixed h 1 mass are contained in the region for a smaller m h 1 . This is true only for m h 1 > 160 GeV. For smaller m h 1 's, the distortion in the allowed region constraints tightly m h 2 for the survival of the model to big scales Q. This is because such distortion is just towards smaller h 1 masses, see figure 3 .
Complementary to the previous study, we can now fix the light Higgs mass at specific, experimentally interesting 6 , values, i.e., m h 1 = 100, 120, 160 and 180 GeV, and show the allowed region in the m h 2 vs. α plane. This is done in figure 5 . 
E. VEV effect
The last effect to evaluate comes from changing the values for the B − L breaking VEV
x. Figure 8a shows the allowed regions in the m h 2 vs. α plane for fixed m h 1 = 160 GeV and y M = 0.2 (that is, a particular case that shows all the interesting effects at once). As expected, since λ 2 is a function of m h 2 /x (see for instance eq. (14)), at α = 0 the bounds on m h 2 simply scale linearly with the VEV. Regarding the upper bound, increasing the VEV x naively increases the allowed region of the heavy Higgs masses, but it is remarkable that the effects are present only for small angles, α < 0.1 radians, being the bigger angles unaffected.
Concerning the lower bound, or the vacuum stability of the model, at fixed y M , increasing the VEV x requires to increase m h 2 to keep λ 2 constant at the EW scale. This explains why, with non negligible y M , the allowed heavy Higgs masses are shrinking from below when we increase the VEV x, as one can see in figure 8a and comparing figure 8b with figure 6c, both for α = π/4 and y M = 0.2, but for x = 3.5 and x = 7.5 TeV, respectively.
In general, for the model to survive up to very large scales Q ∼ M Planck , it is preferred the heavy neutrinos to be light with respect to the VEV x, in such a way that their Yukawa couplings are negligible in the RGE evolution of the scalar sector. Combining the results of this paper on triviality and vacuum stability with those on unitarity of Ref. [18] , we are now in a position to investigate the production and decay phenomenology of both Higgs states of the minimal B − L model at present and future accelerators [31] . 
